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HEHRAEtCB MIMOBAKDIM 

PEELBCniAEr AIR-^FLCW AHD IBEDBO? CALIBRATIOIS OF SEVERAL CONICAL 
COOLING-Am EJECTORS WITH A ERDIARX TO SECONDAEDC 
TEIMPERATDEE RATIO OF 1.0 
I - DIAMETER RATIOS OF 1.21 and 1.10 
By W* E. Greaiiliouse and D. P. Hollister 


SOWMARI 

An InTestlgatlon of the performance of several conical cooling-air< 
ejectors was made at primary Jet pressure ratios .from. 1. to 10, secondary 
shroud pressure ratios from. 0.60 to 4.00; and primary to secondary 
temperature ratio of Primary air flow, secondary air flow, primary 

nozzle thrust, and gross ejector thrust were measiired. The data are pre- 
sented in terms of aeCcmdary to primary weight-flow ratio and, gross 
ejector to primary nozzle thrust ratio. This phase of the investigation 
was limited to ejectors having shroud-eilt to prlmary-nozzle-exit diam- 
eter ratios of 1.21 and 1.10 with several spacing ratios for each. 

The experimental results indicated that for an ejector having a 
given diameter ratio, the spacing ratio for TnaTimiim thrust was oonsider- 
ahly less than the spacing ratio for Tna-y lrmim pump ing- The smaller- 
dlameter-ratio ejector produced less thrust loss at secondary pressure 
ration helow l.QO than did the large-diameter-ratio ejector. The data , 
further ir^cated that sign^ipent jnss es . in gross thr^ ^ st- wj.l onrair ’-Jf ~ i 
the eooling-ai3:^ ^dtf' 'i!s'~conir ^ied hy^ Jahrottllng i n the upstream seconda ry ■ 
flow passaged 


rnTRCDUCTION 

The air ejector has "been established as a simple, ligjht-wei^t 
device for pumping cooling air for turhojet-engine installations and has 
been the subject of numerous theoretical and experimental investigations. 
Reference 1 presents conical -ejector design charts and air-flow Infoma- 
tion for .primary total to ambient pressure ratios from 1 to 2.80. Pumping 
characteristics of cylindrical ejectors in reference 2 and of conical 
ejectors with zero secondary air flow in reference 3 give ejector per- 
formance at the hl^er pressure ratios that are encountered at hl^ 
fli^t speeds. Proper selection of an ejector configuration, however, 
req.uires knowledge of the thrust performance at various operating 
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cond.ltions^ as well as of tlie pumping ohai*acterlstios presented in the 
references . 

In order to extend the range of existing coollng-alr flow data and 
to make tiirust performance data avallahle, the NAOA Lewis laboratory is 
conducting an experimental InTestlg^tlon of conical-type cooling-air 
ejector models. Experimental results are presented for a limited number 
of ejector configurations operating over a wide range of conditions; 
little attempt was made herein to establish optimum ejector design. 

Birust and pumping characteristics over a range of primary pressure 
ratios 2p/Po f 2 *om 1 to 10 and secondary pressure ratios Tg/-pg to 4.00 
are given for conical ejectors having diameter ratios l>s/l>p of 1.21 
and 1.10 with spacing ratios S/JXg of approximately 0.4, 0.8, 1.2, and 
1.6 for each. The investigation was conducted with a convergent primary 
Jet noazle and a conical secondary shroud with unheated air at a temper- 
ature of approximately 80° E. 


APPAEATGB 

The nomenclature used for the conlqal -ejector investigations is 
listed in figure 1 and the apparatus used is sahematically shown in fig- 
ure 2. The ejector consisted of a primary Jet nozzle within a concen- 
tric shroud extending into an exhaust chamber connected to the laboratory 
exhaust system. Primary and secondary air flows were introduced into con- 
centric pipes and passed throu^ the ejector into the exhaust chamber. 

The capacity of the system enabled the toted pressure to be varied to a 
maximum of 72 inches of mercury absolute for the primary and to 56 inches 
for the secondary, while the exhaust piessure was reduced frcan, atmospheric 
to 4 inches of mercury absolute. The air was passed throu^ a drier and 
supplied at 80° E with a humidity of 2 grains of moisture per pound of 
dry air. 

Primary and secondeiry air flows were measured by means of standard 
A.S.M.E. sharp-edge orlfloes. Total pressure and temperatures were 
measured by total -pressure tubes and iron-cons tantsin thermocouples . The 

primary and secondary pressure measuring stations were 17^ inches and 
4^ inches upstream of the primary nozzle exit, respectively. The primary 
stream temperature station was 4^ Inches upstream of the primary nozzle 
exit and the secondary temperature station was 4^ inches upstream of the 
same exit. Exhaust pressure was measured by static pressure taps 
located on the outside of the shroud -exit lip. 

The ejector air supply ducts ..were connected to the laboratory air 
system by flexible bellows and pivoted to a steel frame in order to 
freely transmit the axial, force to a balanced -pressure dlaphragn, null- 
type, thrust -measuring cell \dilch produced an output pressure directly 
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proportional to the applied force. A coTznterwelght vas oonneoted to the 
ejector rig hy large pulleys a n d steel tapes so that an axial preload 
force could he applied to the thrust cell. The slip Joint between the 
ejector ducts and exhaust chamber had adequate clearance to prevent metal- 
to -metal contact. 

The primary nozzle had a half -cone angle of 8®, an exit diameter of 
4 Inches, and a 5-lnch-lnslde-diameter approach pipe. The shroud hg ^ an 
8° half -cone angle and a lo-lnch-lnslde -diameter approach pipe. 


EROCEDUBE 

The perfoirmance of each ejector configuration was investigated over 
a range of primary pressure ratios from 1 to about 10 with varioiis con- 
stant secondary pressure ratios up to 4.00. Additional tests were performed 
for zero secondary air flow with the upstream secondary-flow passage 
blocked. Also, a calibration of the primary nozzle with the sliroud 
removed was made to determine flow coefficients and primary nozzle thrust 
over the range of primary pressure ratios. 

Two shrouds with different exit diameters were used to provide diam- 
eter ratios Dg/t>p of 1.21 and 1.10. The spacing ratio s/Dp was 
varied for each diameter ratio to values of approximately 0.4, 0.8, 1.2, 
and 1.6 by inserting spacer rings and gaskets between the approach pipe 
and the shroud. 

The axial force transmitted to the thrust cell was composed of (l) 
the ejector thrust force,J (2) the pressure-area force acting on the 
ejector which resulted from the pressure differential across the slip 
Joint, anfl (3) the axial preload force. The pressure-area force was 
determined from a calibration over the exhaust -pressure range. The pre- 
load was kept at such a value that the net force on the thrust cell was 
always in the same direction. The ejector thrust was obtained by sub- 
tracting the force acting on the thrust cell from the sum of the preload 
and pressure-area foi*ces. In order to assure accurate and consistent 
thrust data, the pressure-area force calibration cufve was checked dally 
througjhout the investigation. 


RESULTS AND DISCDSSIOW. 

Pumping Characteristics 

The effect of primary pressure ratio Pp/Po weight-flow ratio 
at various constant secondary pressure ratios Pg/^0 shown in 
figures 3(a) to 3(d) for the 1.21-dlameter-ratio ejector and in fig- 
ures 3(e) to 3(h) for the diameter ratio of 1.10. Figure 3(a) presents 


4 


HACA BM E52E21 


ejector pvmiping characterlstloB tliat are typical of the conical-type con- 
figuration In this Investigation. The curve Intercepts on the Pp/pQ-axls 
vere determined with the upstream secondary flow passage hloclced (zero 
secondary flow). For secondary pressure ratios lees than 1.00, pressure 
In the secondary shroud was less than exhaust -chamber pressure. There- 
fore, at low primary pressure ratios, a certain amoimt of air flowed 
from the ecjchaust chamber Into the shroud, -where It -was entrained by -the 
primary Jet and discharged. At -fche lower pr1ma-ry pressure ratio for 
which -the weight -flow ratio -was zero, the Inflow -was exactly balanced by 
■fche en-fcralnment. As -fche primary pressicre ratio weub Increased beyond this 
point, -fche ejector pumping action stopped -fche Inflow and so Influenced 
■fche secondary flow that -fche -wel^t-flow ratio reached peak values, and 
■fchen decreased to zero as 'fche primary Jet overexpanded Into the conical 
mixing section (reference l) . For seocaidary pressure ratios greater 
than 1.00, Increasing the primary pressure ratio caused the primary Jet 
to progressively block the secondary flow eirea until -the wei^t-flow 
ratio -was decreased to zero. 

The range of operation at a gi-Ten secondary pressure ratio was -fchus 
limited by -fche primary pressure ratio at which the secondary flow became 
zero (hereinafter referred to as the cut-off point). Operation beyond 
the cut-off point in actual aircraft Installations -will result In a back 
flow from -fche primary Jet Into ■fche secondary system. 

Performance characteristics illustrated In figure 3(d), for the 
largest diameter and spacing ratio Investigated (D /Op « 1.21, 

S/Dp *= 1.58), were somewhat different from -fchose or o&er configura- 
tions . The regions shown by broken lines -were veiy unstable and data 
poln-fcs could not be obtained to determine -fche exeict shape of all 'fche 
curves. A brief inspection of the static pressure profile along 'the 
shroud wall Indicated -that -this phenomenon vae caused by a series of 
multiple shock and expansion waves in -fehis particular oonfiguration. 

Another pecularity In ejector performance is shown In flg^e 3(e) 
for 'the smallest diameter and spacing ratio In-vestlgated (EgTOp « 1.10, 
S/Dp = 0.39). Two distinct regions of peak woi^t-flow ratio occurred 
for secondary pressure ratios of bo"fch 0.90 and 0.95. 

The effect of spacing ratio s/Op on wei^t-flow ratio is demon- 
strated in figure 4 for -fche diameter ratios of 1.21 aixL 1.10. 

These curves are crossplots of preceding figures and are shown for 
primary pressure ratios of 2.00, 3.50, and .9.00, which may be considered 
representative of take-off, hi^ subsonic, and supersonic flight condi- 
tions, respectively. Etoept for figure 4(a), these plots Indicate the 
ejector spacing ratio at which maTirrnm wel^t-flow fatlo occurred. For 
a given diameter ratio, -fche spacing ratio -that pro-rtded maxiimm -welg^ 
flow ratio -was about the same for all -three primary pressure ratios . 
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lEherefore, optimum, pumping oharaot eristics may te closely approximated 
07©r a range of operating coniitlc^as vlth an ejector having a fixed 
spacing ratio. Comparison of figures 4(a) to 4(c) and 4(d) to 4(f) 
reveals that maximum wel^t-flow ratio generally occurred at a larger 
spacing ratio for the ejector having the larger diameter ratio, for 
example, at a spacing ratio of about 1,3 to 1.5 for the diameter ratio 
of 1.21 and at a spacing ratio of apprarimately 1.0 for the 1.10 diam- 
eter ratio. A final choice of ejector geometry must, however, he based 
on thrust performance as well as on optimum pumping dharacterlstics . 

Ihe primary .pressure ratio at wMch secondary flow became zero (cut- 
off point) is shown in figure 5 to indicate how variations in spacing 
ratio affect the range of primary pressure ratlc^ over which the ejector 
will operate. For secondary pressure ratios less than 1.00, the ejector 
will pump cooling air over the range of primary pressure ratios contained 
between the two secondary -pres sure -ratio curves. For secoiaiary pressure 
ratios greater than 1.00, the range of operation is bounded by the verti- 
cal axle (Fp/po “ l.O) and one secondary-pressure -ratio curve. Four 
curves are shown for the secondary pressure ratio of 0.90 in figure 5(b) 
because the ejector did not pump in the cross -liatched region, as may be 
surmised from, figure 3(e). At a particular spacing ratio and secondary 
pressure ratio above 1.00, the cut-off point occurred at a higher primary 
pressure ratio for the larger-dlameter-ratlo ejector, as mlg^t be expec- 
ted, because to fill the shroud of the larger-dlameter-ratlo ejector a 
greater primary Jet expansion euagle (and hence, greater primary pressure 
ratio) was required. 


KLTust Characteristics 

The effect of primary pressure ratio on ejector thrust ratio 
Fqj/Fj la shown in figure 6 for several values of constant secondary 
pressure ratio. Because the thrust ratio is defined as the ratio of 
gross ejector thrust to gross primary nozzle thrust (without the shroud) 
at the same over-all primary pressure ratio, values of thrust ratio less 
than 1.0 denote a loss in Jet thrust below that of the convergent primary 
nozzle alone, and values of thrust ratio greater than 1.0 denote a gain 
in thrust with the ejector. This method, of course, does not charge 
either stream for inlet momentum of air flow. 

The lines marked x in figure 6 are. thrust ratios of the ejector 
obtained with zero secondary flow (upstream secondary passage blocked) 
and will be referred to as the zero-flow thrust curve. Characteristics 
of this curve are similar to those of a convergent -divergent nozzle 
thrust curve a-rnl eire discussed in reference 3, along with the effects of 
shock losses on ejector thrust. 
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In general, the thruat-ratio ctirres at oonstanb secondary pressure 
ratio meet the zero-flow thrust curve at the same primary pressure ratio 
for which the wel^t-flow ratio curves of the same configuration hecarne 
zero. However, for "both diameter ratios with title smallest spacing ratio 
Investigated, (figs. 6(a) and 6(e)), several thrust-ratio curves Inter- 
sected and came "below the zero-flow thrust curve at low values of primary 
pressure ratio. This occurred because at a given over-all primary pres- 
sure the effective pressure ratio across the primary nozzle decreased as 
the pressure In the Shroud increased; that Is, effective pr imar y pressure 


ratio approximately eq.uals 




^/Pr" 


Therefore, at pressure ratios 


for \diioh the primary nozzle was not choked, a greater mass flow (and 
hence, greater thrust) was produced in the primary system at zero- 
secondary -flow conditions than with a finite secondary air flew and con- 
seq.uent hi^er shroud pressure. 


For a specific ejector configuration, the general trends (at con- 
stant secondary pressure ratio) of the thrust -ratio and weight -flow- 
ratio curves were similar. Ejector thrust ratios "both greater and 
smaller than 1.0 were obtained at hi^ secondary pressure ratios. But 
at secondary pressure ratios below 1.00, the thrust-ratio curve remained 
below 1.0 for all configurations. The minimum value of thrust .ratio 
occurred with zero secondary flow for all ejectors Investigated and when 
a relatively small amount of secondary flow was Introduced (Increased 
secondary pressure ratio), the thrust ratio greatly increased. Thus, If 
an ejector were operating at a certain primary pressure ratio with a cen- 
stant pressure at the Inlet of the secondary flow system, a large reduc- 
tion in gross thrust would occur if the secondary flow were reduced by 
throttling In the upstream secondary flow passage. For the ei^t ejector 
configurations Investigated, the magnitude of the raaTlTnum thrust loss at 
zero secondary flow was changed by variations in either the diameter 
ratio or the spacing ratio. Losses as great as 21.5 and 12 percent of 
convergent nozzle thrust ocourred for the 1.21 and 1.10 diameter ratio 
ejector, respectively. 

The effect of speu3ing ratio on thrust ratio is shown In figure 7 
for the 1.21 and 1.10 diameter ratios. These cross plots of preceding 
figures are shown for constant secondary pressure ratios and for zero 
secondary flow at primary pressure ratios of 2.00, 3.50, and 9.00. 

For the 1.21-dlameter-ratlo ejector (figs. 7(a) to 7(c)), changes 
in spacing ratio at constant secondary pressure ratio had only a moderate 
effect on thrust ratio, the direction of the effect depending upon the 
conditions at which the ejector was operating. Maximum thrust ratio, 
however, generally occurred at a spacing ratio between 0.4 and 0.8. 

Thus, it Is Indicated that the spacing ratio for maximum thrust is leas 
them the spacing ratio for maxi mum pumping (s/Op *■ 1.3 to 1.5, from 
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figs, 4(a) and 4("b)). At zero secondary flow, a mlnJjtnjm thrust ratio 
occurred at a spacing ratio of about 1.20 for the three primary pressure 
ratios shown. 

As shown In figure 7(d) to 7(f) for the 1.10-dlameter-ratlo ejector, 
the TnaT-rnriTm thrust ratio occurred between spacing ratios of 0.60 and 1.00 
for all the constant -secondary -pressure-ratio curres. Therefoare, It Is 
again Indicated that the spacing ratio for ma-x-jinum thrust Is less than 
the spacing ratio for marl mum pumping (s/Op ■ about 1.0, from figs. 4(d) 
to 4(f)). For zero secondary flow, the mlulTmmn thrust ratio occurred at 
a spacing ratio of about 1.3. 

Comparison of the two diameter ratio ejectors at a fired spacing 
shows that greater thrust was attained by the large diameter ratio at 
hl^ secondary pressure ratios, but for low secondary pressure ratios, 
greater thrust was attained with the small diameter ratio. 

The comparisons made herein are based on ejector characteristics 
alone. For a specific aircraft Installation, a final choice of ejector 
geometry must be based on the combined performance of the ejector and 
the ooollng-alr supply ducting over the complete range of operating con- 
ditions. Also, It must be remembered that the data presented herein were 
obtained with an unheated primary Jet at an ejector temperattare ratio of 
1.0. A correction to the values of wel^t-flow ratio must be made for 
the ratio of coOllng-alr to suglne-gas temperature (hot wel^t-flow ratio 

= cold welghij-flpw ratio x -y^Tp/Tg) as described In reference 4. This 

correction factor, however, Is applicable only at relatively low second- 
ary pressure ratios as shown In reference 5. 

The exact effect of high temperattare on ejector characteristics has 
not been completely determined. , Eef erence 4, however, showed that a 
heated primary Jet Increased the welght-flcw ratio, ireferenoe 3 Indicated 
a shift In the cut-off point to sll^tly lower .primary pressure ratios, 
and reference 5 revealed rou^ly a 5-percent loss In ejector thirust for 
a temperature ratio of 3.0 as compared with the thrust at a temperature 
ratio of 1.0. In spite of this somewhat limited evidence. It must be 
assumed, until more complete high“temperatu 2 *e data are available, that 
perfoimance of full-scale ejectors operating at temperature ratios 
greater than 1.0 may be apprcaclmated by cold -model-ejector data corrected 
to the desired temperature ratio. 


COEGLUDING EE1A5ES 

The experimental data presented herein showing pumping and thrust 
characteristics of conical cooling-air ejectors indicated that for each 
diameter ratio (1.21 and I.IO) there existed a spacing ratio that gave 
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maximum pumping and anotJier tliat gaTs TmTlmuni thruat for a particular 
primary and seoondaiy preesur© ratio. lai© epaoing for TnaTimum tttruat 
vas shorter than that for maxlimmi pumping. 

For a given spacing ratio and secondary pressure ratio, the 1, 21- 
diameter -ratio ejector pumped cooling air over a vider range of primajry 
pressure ratios than did the 1.10-diameter-ratio ejector. 

oa 

At hi^ secondary pressure ratios, "both the 1.21- suad 1 . 10-diameter- g 

ratio ejectors produced gross thrust ratios greater than 1.0, hut at low ^ 

secondary pressure ratios the smaller diameter ratio gave the least loss 
of thofust. At zero secondary flow conditions, thrust losses as great as 
21.5 and 12 percent of -convergent nozzle thrust occurred for the 1.21- 
and 1.10 diameter-ratio ejeotiors, respectively. The data indicated that 
reducing the cooling-air flow hy throttling it upstream of the ejector 
Introduces additional gross thrust losses that hecomo very largo at 
some operating conditions. 


Lewis Fll^t Propulsion Laboratory 

National Advisory Committe© for Aeronautics 
Clevelai^, Ohio 
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Dp eilt dlamster of prlmstry noiElo 

Dg 'exit diameter of aaobodary shroud 

Fgj gross ejector thrust 
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gross thrust of primary nozile without shroud 
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S/Dp 

Wp 


pressure-area force acting on ejector = (Pa"Po^ ^ constant 

total primary pressure 

total secondary pressure 

atmospheric prssaure 

ambient or exhaust pressure 

spacing, distance from primary exit to shroofl exit 

total primary temperature, 

total secondary tanperaturo, °H 

primary weight flow, Ih/seo 

secondary weight flow, Ib/eeo 

diameter ratio 

thrust ratio 

primary pressure ratio 

secondary pressure ratio 

spacing ratio 

wel^t-fXow correction factor, - cold data to hot data 
weight-flow ratio 




Figure 1. - Scmenclature for ejector Inyestlgatlon. 
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Figure 2. - Sohenatlo diagram of model. ae-bup for ejector irinreatlgatlcn. 
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; Frlaarr iireBBnra ratio. 1’p/l‘o 

(a) Dlamtar ratio Dg/Dp, 1.21> spaclus ratio s/Op, O.SS. 

rigura 5. - JttTact of prlaary end Becondory preBsure ratio on ajeotor valglrt-fiow, ratio. 
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(b) Diaaneter ratio Dg/Dp^ 1.21> ej^scing ratio S/l)p> 0.79, 

Effect, of prlmaiT’ and secondary pressufe ratio oa ejector vel^t-f3L0v ratio* 
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Figure 3. - Continued. 
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(c) Diameter ratio Dg/Dp, 1.21; spacing ratio S/Dpj 1.18. 


Figure 3. - Continued. Effect of primary and secondary pressure ratio on ejector veijjit-flcir ratio. 
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Primary presBure ratio ^ ^p/Po 


(4) Diameter ratio. . D^/llp, 1.21> epaclng ratio 1.58, 


Figure 3. - Continued^' Effect of primary end secoiidary pressure ratio on elector vei^t^flov ratio 
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Gross thrust ratio, 7 
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(b) Wemeter ratio l.Slj spacing ratio S/Dp, 0.79. 

Flgjira a. - Effect of primary sivT seoonlary pressure ratio 7m ejector grose. tbrust ratio. 







Gross thrust ratio 
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(h) Diameter, ratio D^/Dp, 1*10; spaclug ratio 'S/Dp, 1.61. 


Figure 6. - Concluded. STect of prinary and secondary pressure ratio on ejector gross tlmist ratio. 
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(e) DiemiAter ratio Ds/bp. 1^21; prloary ^ (f) lHaa»ter ratio Bg/bp, l.IOt primary 

presBure ratio •P^Vq* 9.00. ^ ' TreHAore ratio Fp/p^^ 9.00. 


Figure 7. > Effact of Bpacing ratio on elector grosa thruat ratio. 
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